Abstract-in this paper, we will present well controlled experimental bistatic X-band measurements of rough surfaces, which have been recorded in the Bistatic Measurement Facility (BMF) at the DLR Oberpfaffenhofen, Microwaves and Radar Institute. The bistatic measurement sets are composed of soils with different statistical roughness and different moistures controlled by a TDR (Time Domain Reflectivity) system. The BMF has been calibrated using the Isolated Antenna Calibration Technique (IACT). The validation of the calibration was achieved by measuring the reflectivity of fresh water. In the second part, the first validation of the specular algorithm by estimating the soil moisture of two surfaces with different roughness scales will be reported. Additionally, a new technique using the coherent term of the Integral Equation Method (IEM) to estimate the soil roughness will be presented, as well as evaluation of the sensitivity of phase and reflectivity with regard to moisture variation in the specular direction.
INTRODUCTION
Up till now, the microwave remote sensing (air or spaceborne) has been almost exclusively focused on the monostatic geometry. Therefore, most of the current remote sensing methods are still based on backscatter measurements. Very few bistatic measurements, with airborne sensors or in controlled anechoic chambers have been reported, [1] , [2] . Hence, there still remains a vital need to gain experience with and knowledge of bistatic remote sensing methods. In addition, experimental measurements (indoor or outdoor) play a primordial role in investigating new remote sensing methods and in validating surface and volume scattering models. Another purpose of experimental measurements is for supporting conception studies of new remote sensing systems. However, few controlled experimental measurements have been performed for the forward scattering case or the bistatic case. Thus, the different bistatic theoretical models developed so far have been tested and used for the backscattering analysis. In addition to this, there is still a considerable lack of data aimed at the investigation of the bistatic active remote sensing and its effectiveness in comparison to its monostatic counterpart.
Hence, the purpose of this work is to establish a basis of bistatic radar remote sensing system for surface parameter measurements. To validate this system well controlled bistatic measurements were conducted in an anechoic chamber for different values of roughness and different soil moistures. These measurements are then calibrated and compared to different scattering models. In a second stage, an investigation is made to assess analytical and empirical method dedicated to the bistatic case. To conclude, the estimated values of the most relevant soil parameters, namely roughness and moisture, will be compared to the directly measured values.
II. BISTATIC MEASUREMENT FACILITY
The X-band Bistatic Measurement Facility has been used to measure a full polarimetric data set for quasi-bistatic angles from 24°to 140°with controlled conditions in an anechoic chamber, Fig. 1 . The transmitting and receiving hom antennas are moving in the plane of incidence, where the azimuth angle of the transmitter is 0°and the azimuth angle of the receiver is 180°. The transmitter and the receiver can move from 12°to 70°similarly (specular case) or separately to measure the incoherent term.
Two different metallic stamps (smooth and rough) have been constructed to have soil surfaces with known statistical properties of the roughness. The soil moisture is controlled by a TDR (Time Domain Reflectivity) system. For each set of measurement the average of four soil moisture point is considered.
The Isolated Antenna Calibration Technique (IACT) [5] has been used to calibrate the measured data. A large metal plate has been used as calibration target. The validation of the calibration has been achieved by comparing the simulated and measured reflectivity of fresh water, Fig. 2 . Figure 1 . The bistatic measurement facility at DLR Figure 3 . The copolarized ratio in the specular scattering direction vs. incidence angle for the rough surface (PO) and the smooth surface (SPM) and soilmoisture: Mv =5%. The copolarized ratio is independent of roughness where E' and E" are respectively the real and the imaginary part of the complex relative dielectric constant. f (8, A) is the measured copolarized ratio and f (&', e' ,8, A) is the analytic copolarized ratio.
Based on the independence of the copolarized ratio of the roughness, an assessment algorithm, which evaluates the relative complex dielectric constant by the least squares technique, is proposed. Indeed, the estimated relative complex dielectric constant is the value which minimizes the sum of square modulus of the differences between the measured copolarized ratio and the corresponding analytic copolarized ratio. Thus, the measurement of the copolarized ratio at different incident angles (or frequencies) allows us to estimate of the complex relative dielectric constant by minimizing the following function, [8]:
III. SOIL PARAMETER ESTIMATION
The measurement of the target with two different polarizations or frequencies could eliminate the dependence of the received power either on the roughness or on the relative dielectric constant. In fact, the different expressions of the scattered power of the analytical approximations (Kirchhoff or Small Perturbation) are a product of two functions: the first function is depending on the roughness and the second function is depending on the polarization and on the relative dielectric constant. Thus, the ratio of the scattered power in HH to the scattered power in VV is theoretically independent of the roughness. Based on this underlying principle, assessment methods of the soil moisture using the copolarized ratio have been proposed by Shi et al, [6] , and by Franceschetti, [7] , but for the monostatic case only. For bistatic scattering in the specular direction the copolarized ratio expression of the three different approaches (SPM, PO and GO) are equal and independent of the roughness, (1) . Therefore, the estimation of the soil moisture by using the copolarized ratio is possible for a wider range of roughness in the specular direction. To analyze the performance of the previous algorithm, a set of well controlled polarimetric measurements have been carried out. For both surface roughness, the rough surface (PO) and the smooth surface (SPM), measurements with four soil moistures Mv (5%, 10%, 15% and 20%) have been carried out for different specular angles varying from 12 to 52 degree with steps of 5 degree. To improve the quality of the data, the average of the statistical measurements which have been subsequently calibrated, have been used. 
L Figure 4 . The estimated real part of the relative dielectric constant vs. the measured relative dielectric constant for the rough surface (PO) The correlation between the estimated and measured relative dielectric constant for four specular angles (32, 37, 42 and 47 degree) is presented in Figures: 4 and 5. From these figures, we can say that the accuracy of this algorithm is acceptable for the real part of the relative dielectric constant. However, a high decorrelation between the estimated and measured of the imaginary part may be caused by calibration errors or by the miss-estimation of the real value of the measured dielectric constant. The same results have been found for the smooth surface.
The coherent term of the integral equation method is a function of the dielectric constant (or the soil moisture) and the soil roughness o (the standard deviation of heights), (3), [9] . Thus, if the dielectric constant is known, the soil roughness o can be deduced from the coherent IEM term. The IEM approximation is valid for a wide range of roughness; therefore the assessment of sigma from the coherent IEM term could be a reliable tool. the measured relative dielectric constant for the rough surface (PO) As the average of the incoherent part is zero, the coherent part can be calculated by the average of a set of a statistical data. It has to be noted that, the coherent part has to be at least comparable to the incoherent part to have acceptable results. Indeed, for too low a coherent part, i.e. very high roughness, the IEM does not fit the measured coherent part very well.
For the rough surface (PO: ko =0.51), good agreement between the estimated and the measured spectral roughness ko is obtained for the first three specular angles, 32, 37 and 42 degree. For the specular angle 47, the estimated values underestimated the measured ko. For the smooth surface (SPM: ko =0.1) good agreement between the estimated and the measured spectral roughness ko is obtained only for the specular angle 32 and 42 degree. Although, some good results have been obtained for the specular angle 32 and 37 degree but are not for all soil moisture.
IV. PHASE SENSITIVITY TO THE SOIL MOISTURE IN SPECULAR DIRECTION
In This part, the sensitivity of the signal phase and reflectivity with regard to moisture variation and therefore the penetration depth was evaluated to confmn the possibility of using DInSAR to measure variations in soil moisture. For the mono static geometry, due to the randomness of the volume scattering in soil the scattered wave is diffused in all directions and its signal phase changes in a random way with each scattering on a discontinuity of the medium. Nevertheless in specular case, the wave undergoes with a greater probability a coherent scattering on surface, which has a strong moisture discontinuity, [10] . For the coherent scattering, the phase shift is deterministic and it is given by the formula of coherent scattering on laminated mediums approximated by the WKB model, [11] . The soil moisture %
[7]
[8] Figure 6 . The Reflectivity of flat soil versus the soil moisture
Outside of the specular direction the random fluctuations of the phase increase by the effect of the volume scattering: this effect is valid also for a smooth plane surfaces and rough surfaces smaller than the macroscopic roughness. In monostatic geometry, the increase in the phase shift decorrelation with the value of the incidence angle. Therefore, specular measurements with different soil moistures have been carried out to prove the signal variation with the soil moisture, as the penetration depth is related to the magnitude of the signal. The variation of reflectivity with soil moisture is shown in Fig. 6 ; the incidence angle was 20 0 • The reflectivity of flat soil increases as the soil moisture increases for both polarizations Hand V. Fig. 7 shows that the signal phase is also changing with soil moisture (for the same geometry and the same soil roughness). And hence, we can note that this phase shift can be a good proxy to assess the soil moisture variation. Due to the absence of clay in our soil (no swelling effects) the phase shift can be directly related to the penetration depth of the electromagnetic wave into the soil.
By using the calibrated data measured in the specular direction, it could be verified that the co-polarized ratio of the scattering coefficient is independent of the soil roughness, which is in agreement with the theory. For both the roughness surfaces and for the real and imaginary part of the dielectric constant, the best estimated values have been found for large specular angles starting from 32 degree. By knowing the dielectric constant from the specular algorithm, the vertical roughness can be calculated from the expression for the coherent part of IEM. This new idea gave us very good results as a first validation. However, sometimes the correlation between the estimated and the measured roughness is too low. We think that it is due to the transitive errors resulting from the specular algorithm. The sensitivity of signal phase to soil moisture, which has a coherent behaviour in the specular direction, has been reported. Current results confirm the possibility of using the signal phase, which can be evaluated from differential interferometry techniques, to estimate the soil moisture. 
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